Fundamental insights have come from the study of myogenesis. Primary myoblasts isolated directly from muscle tissue more closely approximate myogenesis than established cell lines. However, contamination of primary muscle cultures with nonmyogenic cells can complicate the results. To overcome this problem, we previously described a method for myoblast purification based on novel culture conditions (T. A. Rando and H. M. Blau, 1994, J. Cell Biol. 125, 1275-1287). Here we report a refinement of this method that leads directly to an enriched population of mouse primary myoblasts, within significantly fewer population doublings. The method described here avoids using adhesion as a criterion for selection. This advance capitalizes on the ability of the antibody CA5.5 to recognize ␣7 integrin, a muscle-specific cell surface antigen. Enrichment of myoblasts to greater than 95% of the cell population can be achieved by a single round of flow cytometry or magnetic bead separation. This is the first description of a mouse myoblast purification method based on a cell-type-specific antigen. The ease of this procedure for isolating primary myoblasts should expand the opportunities for (1) using these cells in cell transplantation studies in animal models of human disease, (2) isolating and characterizing mutant myoblasts from transgenic animals, and (3) allowing in vitro studies of molecules that regulate muscle cell growth, differentiation, and neoplasia.
INTRODUCTION
Skeletal muscles in all organisms are composed of mature muscle cells known as myofibers. These cells are multinucleate syncytia that arise during development from the fusion of mononucleate precursor cells known as myoblasts. Not all myoblasts fuse into myofibers during skeletal muscle development; some remain in the adult muscle as satellite cells [2] . These mammalian satellite cells are capable of crossing the muscle basal lamina during normal development and can contribute not only to the growth of the myofibers to which they are juxtaposed, but also to the growth of neighboring myofibers [3] . Moreover after injury or during muscle regeneration, satellite cells become activated, proliferate, and then differentiate to replace damaged myofibers [4] . For several decades established myogenic cell lines derived from satellite cells [for example see 5] have been invaluable for fundamental studies of muscle development [6] . In recent years, primary cultures derived from satellite cells directly isolated from mouse myofibers and grown in vitro have become the preferred source of myoblasts because they recapitulate muscle development more precisely than immortal myogenic cell lines [7] [8] [9] [10] . In addition, derivatives of myogenic satellite cells have served as potent vehicles for the delivery of therapeutic proteins in cellmediated gene therapy in both mouse and man. Examples in mice include delivery of human growth hormone [11, 12] , erythropoietin [13] [14] [15] [16] , coagulation factor IX [17] [18] [19] , and VEGF [20] [for reviews see 21, 22] . In addition, clinical trials in man have shown that the transcript and protein missing in Duchenne muscular dystrophy patients can be safely replaced by myoblast transfer of the dystrophin gene albeit at low efficiency [23, 24] .
A major limitation to studies either of disease correction by myoblast transplantation in the mouse or of the characterization of myoblasts isolated from genetic models has been the difficulty of obtaining large quantities of primary myoblasts. The first method developed for purification of myoblasts from mixed cultures derived from muscle tissues took advantage of the differ-ential adhesion of myoblasts and fibroblasts to the collagen matrix used for their in vitro culture [25] , as fibroblasts adhere to collagen-coated tissue culture dishes with greater avidity than myoblasts. The mixed population of cells could be enriched for myoblasts by preplating the cultures on type I collagen and collecting the cells that do not adhere within the first 15 min. Another myoblast purification method capitalized on the observation that myoblasts preferentially adhere to laminin or type IV collagen, whereas fibroblasts preferentially adhere to fibronectin and type I collagen [26] . Even after enrichment following these two types of preplating regimens, the remaining fibroblasts eventually outgrow the myoblasts in tissue culture. To overcome this problem, our laboratory optimized culture media that favored the growth of mouse myoblasts relative to fibroblasts [1] .
Here we describe a rapid, less cumbersome method for purification of myoblasts from mouse, similar to methods previously developed for human [27] and rat [28] myoblasts based on a specific cell surface marker and either fluorescence-activated cell sorting (FACS) or magnetic bead separation. To date no purification method employing antibodies to a mouse myoblastspecific cell marker has been developed. As the mouse is the most commonly used species for studies of cellmediated gene therapy, the development of such a rapid purification system for mouse myoblasts could have broad applications.
We show here that the monoclonal antibody CA5.5, which recognizes an extracellular epitope specific for mouse muscle, ␣7 integrin, can be used to isolate myoblasts from a freshly dissociated mouse muscle tissue. From the mixed population of predominantly myoblasts and fibroblasts that constitute muscle tissue, myoblasts can be enriched by selecting for cells expressing ␣7 integrin using either FACS or magnetic beads. The isolated cells were shown to be highly enriched for myoblasts (95%) after one round of selection. Following three rounds of selection a pure myoblast population was obtained. The more stringent selection for myoblasts provided by sorting for ␣7 integrin expression allows for a more rapid isolation of a pure population of myoblasts. In addition, this minimizes the risk of sorting for a subpopulation of myoblasts based on adhesion characteristics.
MATERIALS AND METHODS
Source of muscle. Mixed primary cultures were obtained from the hindlimbs of C3H neonatal mice (Stanford Medical Center, Department of Comparative Medicine), as previously described [1] . Briefly, the hindlimbs were removed from neonatal mice (2-5 days of age) and the bones were dissected away. The muscle was then placed in a few drops of phosphate-buffered saline (PBS) to keep it moist. After four hindleg muscles were collected in PBS, the muscle was dissociated both enzymatically and mechanically by mincing the muscle into a coarse slurry with a razor blade in 1 ml of a solution of dispase (grade II, 2.4 U/ml; Roche Molecular Biochemicals, Indianapolis, IN) and collagenase (class D, 1%; Roche Molecular Biochemicals), supplemented with CaCl 2 to a final concentration of 2.5 mM. The slurry was then maintained at 37°C for 30 -45 min with occasional mixing. To remove the enzymatic solution, the slurry was then centrifuged at 350g to sediment the dissociated cells, the pellet was resuspended in growth medium, and the suspension was plated on laminin-coated dishes in selective media (see below).
Muscle culture-selective medium. Where indicated, a selective growth medium for primary myoblasts was used that consisted of 80% Ham's F-10 nutrient mixture (Irvine Scientific, Santa Ana, CA) and 20% fetal bovine serum (FBS) (Hyclone Laboratories, Logan, UT) supplemented with 2.5 ng/ml basic fibroblast growth factor (bFGF) (Promega, Madison, WI), penicillin G (200 U/ml), and streptomycin (200 g/ml). This medium is selective for the growth of myoblasts while inhibiting fibroblast growth [1] . Mixed cultures of cells were also grown on tissue culture dishes coated with 10 g/ml laminin (Roche Molecular Biochemicals), which also selectively promotes myoblast growth over fibroblasts [29] . Although cells were generally cultured prior to sorting in order to eliminate tissue debris, direct isolation was also possible. Cells were grown in a humidified incubator at 37°C in 5% CO 2 .
FIG. 1.
Detection of ␣7 integrin by the CA5.5 antibody on myoblasts but not fibroblasts. A C2C12 myoblast cell line, C3H primary myoblasts purified by differential plating, and a C3H-10T1/2 fibroblast cell line were incubated with the antibody CA5.5 against mouse ␣7 integrin, followed by incubation with FITC-conjugated goat antirat secondary antibody. FACS analysis shows that the C2C12 myoblast cell line and the C3H primary myoblast cells express ␣7 integrin, while the 10T1/2 fibroblast cell line shows no detectable expression of ␣7 integrin. ␣7 integrin expression in a mixed population of cells isolated from muscle is shown by immunofluorescence in the top right by labeling with both Hoechst 33258 (a blue nuclear dye) and the CA5.5 antibody followed by FITC-conjugated goat antirat antibody. Even a single myoblast cell (white arrow) in a field of fibroblasts shows distinct ␣7 integrin staining (green), while there is no detectable expression of ␣7 integrin in fibroblasts. FACS analysis of cells incubated with only the FITC-conjugated antibody is shown as a control.
Muscle culture-growth medium. After myoblast purification, cells were grown on tissue culture plastic that had been coated with 150 g/ml type I collagen (Sigma, St. Louis, MO) since the use of collagen results in a significant cost reduction compared to purified laminin. The myoblasts were maintained in a growth medium of 40% Ham's F-10 nutrient mixture (Life Technologies, Gaithersburg, MD), 40% DME (Irvine Scientific), and 20% FBS (Hyclone Laboratories) supplemented with 2.5 ng/ml bFGF (Promega), penicillin G (200 U/ml), and streptomycin (200 g/ml). The addition of DME to the medium promotes cell growth but unlike F10 is not selective for myoblasts.
Cell lines. The mouse fibroblast cell line, C3H-10T1/2, was obtained from the American Type Culture Collection (Manassas, VA). The cell line was grown in 90% DME (Irvine Scientific) and 10% calf serum (Hyclone Laboratories), penicillin G (200 U/ml), and streptomycin (200 g/ml). The C3H mouse myoblast cell line, C2C12, was derived in our laboratory [30] from the original C2 mouse myoblast cell line established by D. Yaffe and O. Saxel [31] .
Immunofluorescence staining of cultured cells. Cells were fixed in 1.5% formaldehyde diluted in PBS/azide (0.02% azide in PBS), for 5 min at room temperature. The cells were then rinsed three times for 5 min each in PBS/azide. The PBS/azide was then replaced with a blocking buffer consisting of PBS/azide with 0.5% bovine serum albumin (Sigma). For desmin staining, 0.01% saponin (Sigma) was also added to the blocking buffer to permeabilize the cells. The cells were incubated in this blocking solution for 15 min at room temperature. One of the following antibodies was then added at a dilution of 1:400 in blocking buffer and applied for between 1 and 12 h: (1) a rat monoclonal antibody to mouse ␣7 integrin, designated CA5.5 [32] (ascites preparation); (2) a mouse monoclonal antibody to rat ␣7 integrin, H36 [33] (ascites preparation) (kindly provided by S. Kaufman, University of Illinois, Urbana); or (3) a mouse monoclonal anti-human antibody to desmin (DAKO), which cross-reacts with mouse desmin. The cells were then rinsed with the blocking buffer supplemented with 2% normal goat serum to block nonspecific binding of the secondary antibodies. For ␣7 integrin staining, the secondary antibody was either Alexa 488 goat anti-rat IgG (Molecular Probes, Eugene, OR), at a dilution of 1:200 for the CA5.5 antibody, or Alexa 488 goat anti-mouse IgG (Molecular Probes) at a dilution of 1:200 for the H36 antibody. For desmin staining, the secondary antibody was FITC-conjugated goat anti-mouse (Jackson Immunochemicals) at a 1:200 dilution. For all immunofluorescence staining both no-antibody and secondary antibody-alone controls were performed.
Purification utilizing FACS. Cultures of cells isolated from muscle tissue and plated on laminin in selective medium for 1 day were harvested in trypsin-EDTA (Life Technologies, Inc., Bethesda, MD) and washed twice by centrifugation for 2 min at 400g in calcium-and magnesium-free PBS (PBS-wash) containing 0.5% bovine serum albumin (used for all washes and antibody dilutions). The cells were counted using a Coulter Model Z1 cell counter (Coulter, Miami, FL) and resuspended in PBS-wash at a concentration of 1 ϫ 10 7 cells/500 l. Selection by FACS was based on the expression of an extracellular epitope of the muscle-specific protein, ␣7 integrin, recognized by the rat monoclonal antibody, CA5.5. ␣7 integrin expression was routinely detected by FACS on both mouse primary cells, C3H, and the mouse muscle cell line, C2C12, at a 1:4000 dilution of CA5.5 ascites, the highest dilution tested that gave consistent results. Cells were incubated on ice for a minimum of 15 min with the 1:4000 dilution of CA5.5. The cells were then centrifuged at 1000g for 2 min, the supernatant was removed, and the cell pellet was washed by resuspension in 200 l of PBS-wash. Cells were then incubated on ice for a minimum of 15 min with a 1:200 dilution of FITC-goat anti-rat IgG (Jackson ImmunoResearch) and then centrifuged at 1000g for 2 min; the supernatant removed, and the cell pellet was washed by resuspension in PBS-wash and centrifuged at 1000g for 2 min. The supernatant was removed and the pellet resuspended in 200 l of PBS-wash with propidium iodide (1 g/ml; Sigma) for FACS analysis.
Cells were analyzed using a FACStar cell sorter (Becton-Dickinson, San Jose, CA). FITC and propidium iodide were excited at 488 nm using an argon-ion laser. Specific green immunofluorescence, green autofluorescence, forward and orthogonal light scatter, and propidium iodide fluorescence were measured. The fluorescence and light scatter channels were calibrated to standard sensitivity using fluorescent polystyrene microspheres (Polysciences, Warrington, PA). A flow rate of 2000 cells per second was utilized. For each analysis, data were collected from 10,000 cells and analyzed using FlowJo software (Tree Star, San Carlos, CA). Both unstained cells and cells stained with the secondary antibody alone served as negative controls. Cells were collected in 5-ml tubes containing 3 ml of the growth medium described above. These cells were then replated in growth medium on collagen-coated dishes at approximately 10% confluence.
Purification utilizing magnetic beads. Primary mouse muscle was harvested as described above for FACS purification except that the cells were incubated with a 1:1000 dilution of the CA5.5 antibody. After incubation, an equal volume of PBS-wash was added to dilute the primary antibody. The cells were then centrifuged at 1000g for 2 min and the supernatant was removed. The remaining cells were resuspended in PBS-wash at a concentration of 2 ϫ 10 7 cells/ml in Eppendorf tubes. To these cells an equal volume of M-450 Dynabeads conjugated with sheep anti-rat IgG (prepared per the manufacturer's directions) (Dynal, Lake Success, NY) was added at a concentration of 1.6 ϫ 10 8 Dynabeads/ml, so that there would be at least 4 Dynabeads per estimated target cell. The cell/bead mixture was incubated on a rotator for 30 min at 4°C. The mixture was then placed in a Dynal MPC-E (magnetic particle concentrator for microtubes) for 2 min, to separate the beads and cells bound to beads from the mixture. After separation, the supernatant was removed, the tube was then removed from the magnetic separator, and the beads plus cells were washed by resuspending them in PBS-wash. After the wash, the cell/bead suspension was once again placed in the magnetic bead separator to separate out the beads plus bound cells. This wash was repeated three times to remove all nonspecifically bound cells. The resulting cell/bead mixture was then resuspended in PBSwash, labeled with CA5.5 and FITC-conjugated goat anti-rat anti -FIG. 2 . The CA5.5 antibody is species specific. To determine if the CA5.5 antibody to ␣7 integrin is specific for mouse or recognized ␣7 integrin expressed in other species, a rat myoblast cell line, L6, was stained with either CA5.5 or H36, an antibody specific to rat ␣7 integrin, followed by the appropriate FITC-conjugated secondary antibody. FACS analysis of these cells showed that antibody CA5.5, which detects ␣7 integrin expression on mouse myoblasts, does not detect ␣7 integrin expression on rat L6 cells (left) 
RESULTS

␣7 Integrin Expression Can Be Utilized to Distinguish Mouse Myoblasts from Fibroblasts
Cells initially isolated from the muscles of the hindlimb of the mouse are a mixture of myoblasts, fibroblasts, and other cell types. To confirm that the expression of ␣7 integrin protein could be used to distinguish between mouse myoblasts and fibroblasts in this mixed population, a culture of the mouse myoblast cell line C2C12, a pure population of primary myoblasts from the C3H mouse, and a culture of the mouse fibroblast cell line C3H-10T1/2 were individually stained with CA5.5 antibody to ␣7 integrin, followed by FITC-conjugated goat anti-rat secondary antibody. In order not to bias selection toward primary myoblasts that express ␣7 integrin, primary myoblasts were first purified by the method of Rando and Blau [1] , which selects for primary myoblasts, independent of ␣7 integrin expression, based on differential adhesion and growth in medium of a specific composition.
FACS analysis of both the C2C12 mouse muscle cell line and the purified primary myoblasts from the C3H mouse showed that almost all cells analyzed had high levels of ␣7 integrin labeling (Fig. 1, upper and lower  left) . In contrast, ␣7 integrin protein was not detected in the 10T1/2 fibroblast cell line (Fig. 1, lower right) . Immunofluorescence analysis of an initial muscle isolate containing a mixture of myoblasts and fibroblasts showed strong CA5.5 antibody staining of cells with myoblast-like morphology, making them easily distinguishable from other contaminating cells, which showed no ␣7 integrin expression (Fig. 1, upper right) . These observations confirmed previous work that showed that ␣7 integrin expression is confined to muscle cells [34, 35] . This muscle-specific expression of ␣7 integrin provided the basis for developing a rapid purification method for isolating mouse primary myoblasts from contaminating fibroblasts and other cells.
The Monoclonal Antibody CA5.5 Is Specific for Mouse
␣7 Integrin
The monoclonal antibody that recognizes mouse ␣7 integrin, CA5.5, was produced against the extracellular region of ␣7 integrin. This integrin is highly conserved among species with mouse and rat ␣7 integrins sharing greater than 95% sequence homology at the nucleotide level. To determine whether CA5.5 specifically recognizes mouse ␣7 integrin, mouse and rat primary myoblast cell lines were examined by immunofluorescence (Fig. 2) . FACS analysis of the rat myoblast cell line L6 using the CA5.5 monoclonal antibody showed no detectable ␣7 integrin expression while these same rat cells were positive for ␣7 integrin expression when stained with H36, a monoclonal antibody known to be specific for rat ␣7 integrin (Fig. 2) . We also confirmed by immunohistochemistry with H36 antibody that rat L6 cells express ␣7 integrin (data not shown). These results indicate that the lack of detection of ␣7 integrin with antibody CA5.5 is because the antibody recognizes a species-specific epitope on the mouse molecule and is not due to the lack of ␣7 integrin expression by rat L6 myoblasts.
Purification of Myoblasts from Mixed Cultures Using FACS
Muscle tissue isolated from the hindlimb of a neonatal mouse was enzymatically dissociated and plated on laminin-coated culture dishes in selective medium overnight. Laminin-coated dishes were used for the mixed cultures, as laminin has been shown to enrich for myoblasts approximately fivefold relative to other substrates such as collagen [26] . FACS analysis of this newly isolated mixed population of cells after reaction with the monoclonal antibody CA5.5 to mouse ␣7 integrin revealed a distinct population of cells expressing ␣7 integrin (Fig. 3, upper left) .
In addition to the detection of ␣7 integrin expression, several other parameters were used to optimize sorting conditions. In order to minimize the overlap with the nonstained cell population while maximizing the isolation of cells expressing ␣7 integrin, forward light scatter, which is indicative of cell size, was used to gate out cell clumps and debris. To ensure that dead cells were removed from the purified population, cells were also stained with the nuclear dye propidium iodide, which is taken up by dead cells but is efficiently excluded from live cells. The FACS-isolated cells were then grown on collagen-coated dishes for 24 h, at which time the purity was reassessed by analyzing the cells again for ␣7 integrin expression by FACS analysis (Fig. 3,  upper right) . Most cells were shown to be expressing ␣7 integrin. Purified myoblasts were grown on collagen as selection was no longer needed and collagen is significantly less expensive than laminin.
To confirm that enrichment of ␣7-integrin-expressing cells resulted in an enrichment of myoblasts, cells from the mixed population before and after purification by FACS were immunostained with antibodies against desmin, a muscle-specific protein (Fig. 3, bottom) . The bright-field micrograph shows a significant difference in cell morphology between the myoblasts and the fibroblasts. Selection for ␣7-integrin-expressing cells resulted in a substantial enrichment of myoblasts as evidenced by desmin staining of the mixed population. Quantitation of the degree of purification by FACS using the ␣7 integrin antibody showed the enrichment of myoblasts to approximately 95% of the population after a single sort (Fig. 3, upper right) . Enrichment to greater than 99% was possible after three rounds of sorting in succession (data not shown).
Purification of Myoblasts Using Magnetic Beads
We tested whether a similar level of purification could be obtained using magnetic beads. Cells were reacted with the CA5.5 monoclonal antibody to ␣7 integrin as described above for the FACS analysis, except that in this case, the purification step was carried out using magnetic beads conjugated to a secondary antibody, sheep anti-rat IgG, which recognized the primary rat anti-mouse monoclonal CA5.5 antibody. Cells that were bound by these magnetic beads were then separated using a magnetic particle concentrator (see Materials and Methods). To assess the degree of purification, cells were labeled with CA5.5 and FITCconjugated goat anti-rat antibody and examined by FACS analysis (Fig. 4) . The results show that magnetic bead purification provides a level of purification (Ͼ95%) similar to that obtained by a FACS-based purification protocol.
DISCUSSION
Previous methods employed for mouse myoblast purification are both time consuming and labor intensive [26, 1, 25] . These older methods are based primarily on the differential adhesion of myoblasts and fibroblasts to collagen or laminin and on the optimization of media conditions that favor myoblast growth. Fibroblasts exhibit greater adhesion to collagen than myoblasts, due to the differential expression of integrins responsible for adhesion to type I collagen. Enrichment for myoblasts can be accomplished by plating mixed populations of cells on a tissue culture dish coated with type I collagen, removing the cells that have not adhered after 15 min, and transferring them to fresh collagencoated dishes, a process known as preplating. Utilizing this method, a pure population of myoblasts can be obtained after several passages. This isolation procedure has proved very useful but selects for cells that are less adherent and so may comprise a specific subpopulation of the myoblasts present in the original isolate.
Another purification method takes advantage of the increased adhesion of myoblasts compared to fibroblasts on laminin/type IV collagen [26] . A mixed culture was allowed to adhere to laminin/type IV collagencoated dishes for 20 min, after which the remaining cells were removed. Although this procedure resulted in a relatively pure population of myoblasts, it required several passages using trypsin and plating in culture. Because primary myoblasts undergo a limited number of doublings before senescing, this procedure not only is costly but also constitutes a significant disadvantage for the cells' future use in experiments [36] . Furthermore, cells isolated in this manner still had a tendency to become overrun by fibroblasts, if not reselected.
Although FACS-based methods have been available for both human [27] and rat [28] myoblasts, no rapid purification method for mouse myoblasts has been described. In the case of human myoblasts, a speciesspecific monoclonal antibody, 5.1H11 [37] , to an extracellular epitope of a neural cell adhesion molecule was used [27] . For rat myoblast purification a monoclonal antibody, H36, to ␣7 integrin was similarly employed [28] . These antibodies, however, recognize species-specific epitopes and could not be used for mouse myoblast isolation (data not shown).
The rapid quantitative purification method for mouse myoblasts presented here is based on the detection and selection of a unique muscle cell surface antigen on mouse myoblasts and circumvents the disadvantages of the currently available procedures. The method capitalizes on the expression of the cell surface protein ␣7 integrin [33] [34] [35] , a muscle-specific integrin. This protein has been cloned and characterized in mouse [35] , rat [34] , and human [38] . It appears to be critical for connecting the myofiber to the extracellular matrix [39] and appears to play a role in signal transduction at the time of secondary fiber myogenesis in embryonic development [40] . The ␣7␤1 integrin, like all integrins, is a heterodimeric transmembrane protein composed of an ␣ and a ␤ subunit [41] ; indeed, 16 different ␣ subunits and 8 ␤ subunits can combine to form at least 22 different integrins. Each of these integrins has different but overlapping specificities for various components of the surrounding extracellular matrix [42] . Integrins are involved in cell signaling and are regulated in their expression and activation both developmentally and by cell type. Characterization of mice in which ␣7 integrin expression has been eliminated by homologous recombination has shown that this integrin is a critical muscle cell surface protein, whose absence leads to muscular dystrophy [43] . Monoclonal antibodies to the mouse ␣7 integrin were developed by expressing the cloned mouse protein in rat fibroblasts (rat-2 cells), which were then injected into syngeneic Fisher rats [32] . One of these monoclonal antibodies, CA5.5, recognized an extracellular epitope on the ␣7 integrin molecule and was used in the present study.
Due to the powerful genetic approaches available, a significant amount of muscle research uses the mouse rather than other mammalian muscles. Thus, it would be advantageous if a method existed for rapidly isolat-ing mouse myoblasts. To develop a mouse myoblast purification method, we used CA5.5, a monoclonal antibody capable of detecting ␣7 integrin expression both on mouse primary cell cultures and on the C2C12 muscle cell line (Fig. 1) . The antibody was also shown to be species-specific, as it recognized mouse ␣7 integrin but   FIG. 3 . Sorting for ␣7-integrin-expressing cells substantially enriches for desmin-expressing myoblasts. A primary muscle cell isolate was incubated with the antibody CA5.5 to mouse ␣7 integrin, followed by FITC-conjugated goat anti-rat antibody. FACS analysis as shown by the histogram on the left demonstrates that these cells contain a subpopulation of ␣7-integrin-expressing cells. The sorting gate used for FACS purification of this ␣7-integrin-expressing subpopulation is also indicated in this histogram. To confirm that the FACS sorting was successful, sorted cells were grown for 24 h and then analyzed again for ␣7 integrin expression using the FACS. The histogram on the right demonstrates that after purification by FACS the great majority of cells expressed ␣7 integrin. To show that the FACS purification was indeed enriching for myoblasts, unsorted and sorted cells were immunostained for the muscle-specific protein desmin followed by the FITC-conjugated goat anti-mouse antibody and the blue nuclear dye Hoechst 33258. Significant enrichment of desmin-expressing myoblasts (green) is observed (bottom). FACS analysis of cells incubated with only the FITC-conjugated antibody is shown as a control. Scale bar in micrographs, 100 m.
showed no cross-reactivity with rat ␣7 integrin (Fig. 2) . As the mouse and rat ␣7 integrins are Ͼ95% homologous at the nucleotide sequence level, the epitope recognized by this monoclonal antibody is presumably one of the few extracellular regions of the integrin not conserved between species. Alternatively, the integrins of these two species may have a different tertiary structure although they have a very highly homologous primary sequence.
Analysis of the mixed population of cells obtained from mouse muscle after overnight plating reveals that approximately 35% of the cell population expresses ␣7 integrin (Fig. 3) . The percentage of ␣7 integrin cells decreases further with continued passage as fibroblasts begin to overtake the culture. Within 3 days of in vitro cell culture only 12% of the cells are ␣7 integrin positive. When these cells are purified using the traditional method for myoblast purification, which relies on differential adhesion and growth conditions but not ␣7 integrin expression, 100% of the purified myoblasts are found to express ␣7 integrin (Fig. 1A) . This finding confirms previous observations that ␣7 integrin is a muscle-specific marker and thus can be the basis for developing a purification method for mouse myoblasts.
Myoblast purification was accomplished by antibody labeling of cells followed by selection for cells expressing ␣7 integrin using either FACS or separation by antibody-coated magnetic beads. In both cases, there was significant enrichment for myoblasts. Further rounds of purification led to a pure population, in which all observable cells were myoblasts. Selection by either flow cytometry or magnetic beads was performed only after overnight in vitro culture, resulting in 95% purification. The overnight culture allowed myoblasts to dissociate from the larger cellular debris present in the original isolate. However, the selection can be performed directly after isolation with a resulting lower yield. By avoiding selection for myoblasts based on differential adherence and optimized growth conditions, we were able to develop a system of purification that both is rapid and avoids selecting for a subset of less adherent myoblasts. This is especially significant in that a fraction of primary myoblasts are known to have the capability of undergoing spontaneous transformation when maintained in culture for significant periods of time [5] . Additionally, there is recent evidence for heterogeneity among myoblasts isolated from muscle tissue and the possible presence of a subpopulation of myoblasts with stem cell-like characteristics [44] . Our purification method avoids selecting for any one myoblast subset. The original muscle isolate is obtained from neonates. Although ␣7 integrin is present in muscle at later stages, these cells have less replicative capacity than those isolated from neonates. These purified cells were capable of forming myotubes when placed under differentiation conditions. The two methods described here for primary myoblast purification are rapid. The magnetic bead-based purification technique has the added advantage of not requiring expensive specialized machinery and training. The ability to isolate primary mouse myoblasts of low passage number and thus less prone to senescence or transformation will be of great value in muscle cell transplantation studies, for treating mouse models of human diseases, and for delivering therapeutic proteins to the circulation. Additionally, myoblasts recently isolated from mice will be a better model system than myogenic cell lines for studying muscle growth and differentiation in response to extracellular signal transducers such as growth factors and hormones.
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FIG. 4.
Myoblast purification by magnetic bead separation. To confirm that purification by magnetic beads also resulted in a pure population of myoblasts, cells were analyzed by FACS after purification. Cells were first incubated with the CA5.5 antibody to mouse ␣7 integrin and then incubated with the magnetic beads conjugated to sheep anti-rat IgG. Cells labeled with magnetic beads were isolated using a Dynal magnetic bead separator. The purified cells were then incubated with the rat monoclonal antibody CA5.5 to ␣7 integrin followed by an FITC-conjugated goat anti-rat antibody to determine the level of enrichment, and the FACS analysis of these cells is shown by the histogram on the right. The histogram on the left shows the FACS analysis of cells that were incubated with only the magnetic beads conjugated to sheep anti-rat IgG and were not purified on the separator. These cells were then incubated with FITCgoat anti-rat antibody to determine the level of nonspecific binding of the magnetic beads and the secondary antibody. Most of the purified cells express ␣7 integrin after the magnetic bead separation and the magnetic beads and the secondary antibody contribute little background fluorescence to the mixed population of cells.
